In this study, we analyze the local structure of the wave activity flux associated with maintenances of the Arctic Oscillation (AO) index by separating it in quasistationary and transient components.
Introduction
The spatial structure of the primary mode of the empirical orthogonal functions (EOF-1) for the wintertime sea level pressure (SLP) anomaly in the Northern Hemisphere has a negative anomaly in the Arctic Ocean and two positive anomalies in the North Atlantic and the North Pacific. In addition, the positive anomaly over the North Atlantic does not show a significant correlation with that over the North Pacific. It is argued that the North Atlantic Oscillation (NAO) and the PacificNorth American (PNA) pattern are essential for this characteristic pattern, and resulting the Arctic Oscillation (AO) may be considered as a statistical pseudomode (Ambaum et al. 2001; Deser 2000; Itoh 2002 ). However, Wallace and Thompson (2002) pointed out that the structure of the second EOF resembles that of the PNA and has the opposite phase of the EOF-1, hiding correlation over the Pacific region. Therefore, they claimed that the AO is not a statistical illusion, but a dynamical mode. Honda and Nakamura (2001) stated that the NAO pattern is the primary mode in early winter, and that the Aleutian-Iceland seesaw (AIS) pattern appears at the end of winter. The Icelandic low is associated with the negative center of the AO and the Aleutian low with the positive center of the AO. They suggested that the combination of NAO and AIS structures represents the characteristics of the AO at the end of the winter.
The AO Index (AOI) defined by the score time series of EOF-1 is related to the zonal mean polar jet anomaly. DeWeaver and Nigam (2000) found that the stationary wave component is important for the transition between high and low polarity of the AOI, but that the transient component is not negligible. The AO has locally characteristic structures over Pacific and Atlantic. However, the transition in polarity of the AOI is generally analyzed in a latitude-height section, and the local structure of the wave-mean flow interaction in these maintenances has not been analyzed.
In this study, we attempt to analyze the local distributions of quasi-stationary and transient wave activity flux associated with maintenances of each phase of the AOI, using the wave activity flux defined by Plumb (1986) for transient waves and by Takaya and Nakamura (2001) for stationary waves on a zonally varying basic flow.
Data and analysis method
The dataset used for our analysis is the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis data library for January 1970 to December 2003. We use monthly mean fields of SLP and daily mean fields of 100 1000 hPa geopotential height, horizontal wind, and temperature.
First, we derive the EOF-1 for monthly mean SLP anomaly over the entire northward area from 20°N, with solving the eigenvalue problem of a covariance matrix. Here, the monthly mean anomaly is defined as the deviation from climatology during the 34 years of the analysis period. We compute the 3-month moving average of the AOI and define the positive/negative polarity of the AOI when this index exceeded one standard deviation from the mean for more than 3 months. There are 6 cases of positive AO (AO+) and 4 cases of negative AO (AO ) during the analysis period. Four examples are chosen for each phase: from November 1988 to March 1989 , February 1990 -May 1990 , November 1991 -February 1992 Third, we analyze the quasi-stationary (Takaya and Nakamura 2001) and the transient (Plumb 1986) wave activity flux at the first months of each 4 examples, and each 4 fluxes are composited. These fluxes describe the transport of wave activity density under a quasigeotropic assumption, and the divergence represents the wave forcings. Note that the daily mean anomaly defined as the deviation from the time mean data of each analysis period is used, when we compute the transient waves. Figure 1 shows the composite map of zonal mean Eliassen-Palm flux (E-P flux) and its divergence for (a) the quasi-stationary component (b) the transient component driving the AO+ maintenance. Here, E-P flux analysis was applied for the quasi-stationary and transient components (a) and (b) respectively. Note that the quasistationary component is treated as the deviation from the zonal mean for the monthly mean data in this figure. In Fig. 1(a) , convergence was found in the upper troposphere near 20°N and divergence was found from 30°N to 70°N. In contrast, Fig. 1(b) shows divergence in the upper troposphere northward from 30°N. We estimate the magnitude of the E-P flux divergence. The transient component contributes to the divergence in the mid latitude upper troposphere as the quasi-stationary component does, although the divergence due to the quasistationary component is more extensive than that from the transient component. Conversely, the quasi-stationary component has a more important role in the convergence at low latitudes.
Result and discussion
In Fig. 2 , we show the wave activity flux for the barotropic quasi-stationary component and the barotropic height anomaly associated with the AO+ maintenance. For computing the barotropic component, we use the same method as Tanaka (1991) . We attempt to analyze the local structure of this component. Fluxes toward the southeast are found from North Atlantic to Europe and the Caspian Sea and from East Siberia to Japan. These fluxes show the divergence in the mid latitude and enhance the AO+ maintenance. In addition, the former flux appearing in the downstream of the storm track over Atlantic makes a distinct contribution to the negative anomaly over North Atlantic and the positive anomaly over Europe. Conversely, a northeastward flux from the northeast Pacific to North America is found, and this flux is convergence over Alaska and act to suppress the maintenance of the AO+.
In Fig. 3 , we show the radiative wave activity flux (MR) for the transient component and the variance of the stream function in the upper troposphere (200 hPa). Note that the typical wave forcing pattern of the transient component appears at this altitude ( Fig. 1(b) ). A southeastward wave activity flux from South Alaska to the east coast of North America is highlighted in Fig. 3 . This transient wave may form a positive barotropic height anomaly over the east coast of North America (Fig. 2) . In addition, the southeastward flux over Europe and the northeastward fluxes over the northeast Pacific and Atlantic Ocean are seen. These patterns in the transient fluxes are similar to that in the quasi-stationary fluxes.
In case of AO , it is clear from the zonal mean E-P flux analysis that the transient component contributes to convergence at a higher latitude than the quasistationary component (Fig. 1(c), (d) ). These convergences decelerate the polar jet. However, the transient component contributes to the divergence in the mid latitude upper troposphere just as the quasi-stationary component does.
In Fig. 4 , we show the wave activity flux of the barotropic quasi-stationary component and the barotropic height anomaly related to the AO maintenance. The patterns of barotropic height anomaly in the Pacific, Atlantic and Arctic regions are similar to those patterns seen in the eigenmode (Tanaka, personal communication) . The local structures of wave propagation by the quasi-stationary component seen in Fig. 4 show two northeastward fluxes from the North Pacific to Alaska and from North America to Greenland. These fluxes are convergence in the high latitude and enhance the main- Greenland. An eastward flux from Europe to Siberia is seen, and may contribute to the formation of a positive anomaly over the Caspian Sea and negative anomalies over Europe and Siberia. Conversely, southeastward flux is found from South Alaska to North America. This flux suppresses the AOmaintenance, however, may contribute to a negative anomaly over North America. In addition, the southeastward flux is found from North Atlantic to North Africa, suppressing the AO maintenance.
The former pattern of wave propagation over North America associated with the AO is similar to that associated with the AIS (Honda and Nakamura 2001) . However, the later pattern over North Atlantic in this study is different from that of the AIS. The AO maintenance in our study is found from November to January, while, typically the AIS is seen in February. Furthermore, Honda and Nakamura analyzed the wave propagation patterns each month, while in this study they are analyzed only when the typical AO mode appears.
In 
Conclusion
In this study, we have described the zonal mean E-P flux and local structures of the quasi-stationary and transient wave activity flux associated with maintenances of each phase of the AOI, based on a composite analysis for observational data.
For maintenances to AO+, the zonal mean E-P flux of the transient component contributes to the divergence in the mid latitude upper troposphere just as the quasistationary component does. The local patterns of the wave activity from both the quasi-stationary and the transient components indicate southeastward flux from North Atlantic to Europe and the Caspian Sea, showing divergence in the mid latitude. These fluxes over the Atlantic storm track region enhance the AO+ maintenance and contribute to a negative anomaly over North Atlantic and a positive anomaly over Europe. In contrast, the wave activity from the transient components indicates a wave activity flux from South Alaska to the east coast of North America, enhancing the maintenance of the AO+.
For maintenances to AO , the zonal mean E-P flux of the transient component contributes more to convergence in the high latitude than the quasi-stationary component. To see the local structure, the quasi-stationary waves propagate from the North Pacific to Alaska, while the transient waves propagate from North America to Greenland. These fluxes converge in the high latitude and enhance the AO maintenance. The quasi-stationary flux over the Pacific storm track region contributes to the pattern of a negative anomaly over Pacific and a positive anomaly over Arctic. The transient flux may form a negative anomaly over Atlantic and a positive anomaly in the Arctic region.
It is concluded that the wave activity flux is greatest over the Atlantic and Pacific storm track regions, enhancing each phase of the AO and showing the positive feedback between wave activity flux and zonal mean flow. 
